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A Novel MAP Kinase Regulates Flagellar Length
in Chlamydomonas
mation have a narrow distribution of flagellar lengths,
with the longest not exceeding 16 m (Figure 1B).
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250 Biological Sciences Center Analysis of the sequence of the genomic DNA in pMN100
St. Paul, Minnesota 55108 by the gene prediction program GeneMark [6] suggests
that the LF4 gene contains a single open reading frame
with an ATG start codon at position 2272, a TGA stop
codon at position 6918, a predicted TGTAA polyadenyla-Summary
tion signal at position 7341, and eight exons. The pre-
dicted sequence was confirmed by sequencing the full-Little is known about the molecular basis of organelle
length cDNA. The phenotypes of four lf4 alleles weresize control in eukaryotes. Cells of the biflagellate alga
shown to be caused by deletions and insertions byChlamydomonas reinhardtii actively maintain their fla-
Southern blot analysis of genomic DNA (Figure 2A). Thegella at a precise length. Chlamydomonas mutants
coding regions of two alleles, lf4-8 and lf4-3, were en-that lose control of flagellar length have been isolated
tirely deleted, whereas a partial deletion was detectedand used to demonstrate that a dynamic process
in lf4-6 and lf4-1 (Figure 2B). As expected, given thekeeps flagella at an appropriate length [1, 2]. To date,
deletions of genomic DNA in the lf4 mutant alleles, LF4none of the proteins required for flagellar length con-
transcripts were not expressed in the mutants. A 2.7 kbtrol have been identified in any eukaryotic organism.
transcript was present in RNA from wild-type cells, butHere, we show that a novel MAP kinase is crucial to
not in RNA from lf4-3 cells, in which the entire LF4 locusenforcing wild-type flagellar length in C. reinhardtii.
was deleted. In addition, lf4-1 cells containing an inser-Null mutants of LF4 [2], a gene encoding a protein with
tion and a deletion in the 3 terminus of the lf4 locusextensive amino acid sequence identity to a mamma-
do not have the 2.7 kb transcript (Figure 2C). The LF4lian MAP kinase of unknown function, MOK [3], are
transcript was detected in lf4-3 and lf4-1 cells rescuedunable to regulate the length of their flagella. The LF4
by transformation with pMN100 (Figure 2C, lanes R1protein (LF4p) is localized to the flagella, and in vitro
and R2). The smaller transcript identified in rescued lf4-1enzyme assays confirm that the protein is a MAP ki-
cells likely is due to a second integration of a pMN100nase. The long-flagella phenotype of lf4 cells is res-
fragment into the genome. Levels of the LF4 transcriptcued by transformation with the cloned LF4 gene. The
increased within 30 min after flagellar amputation; thisdemonstration that a novel MAP kinase helps enforce
increase suggests that the LF4 gene encodes a proteinflagellar length control indicates that a previously un-
involved in flagellar function (Figure 2D). The transcriptidentified signal transduction pathway controls organ-
levels for flagellar proteins increase rapidly after flagellarelle size in C. reinhardtii.
amputation [7].
Results and Discussion
The LF4 Protein Is a Predicted MAP Kinase
The open reading frame of the LF4 gene encodes aCloning the LF4 Gene
putative MAP kinase. The predicted amino acid se-More than ten lf4 alleles have been generated by inser-
quence has high homology (52% identity and 68% simi-tional mutagenesis [2, 4]. Flagella of the lf4-1 allele repre-
larity) to a MAP kinase from mammals termed MOK [3]sent a wide range of lengths from 0 to 38 m (Figures
(Figure 3). MOK is a MAP kinase similar in amino acid1A and 1D), whereas wild-type cells have flagella in a
sequence to the male germ cell-associated kinasetightly clustered range of lengths centered around 12
(MAK) [8] and the MAK-related kinase (MRK) [9]. Within
m (Figures 1A and 1C). The flagella of wild-type cells
the kinase domain of MAP kinases are 11 conservednever exceed 16 m.
subdomains that are critical for enzyme function [10].We took advantage of the plasmid DNA inserted into
LF4 has over 68% identity and 85% similarity with MOKthe genome during transformation to clone a DNA frag-
within these subdomains. Kinases usually contain a gly-ment flanking the site of plasmid insertion. This DNA
cine-rich motif (GXGXXG) in subdomain I that interactswas used to identify large-insert clones from lambda
with ATP. In contrast, the glycine-rich motif is GXGXXSand BAC libraries. Clones rescuing the long-flagellar
in LF4 and MOK. This substitution of glycine for serinephenotype were identified by cotransformation into lf4,
is not uncommon within the class of serine/threoninearg7 cells by using the argininosuccinate lyase gene
kinases. The LF4 protein (LF4p) also has an indispens-(ARG7) as a selectable marker [5]. A plasmid (pMN100)
able lysine at amino acid 33 in subdomain II that iscontaining 9.1 kb of genomic DNA was the smallest
required for ATP binding [11]. The TEY activation loopclone able to rescue lf4 upon transformation (Figure 1).
between subdomains VII and VIII is in position 159–161Like wild-type cells, the LF4 cells rescued by transfor-
of LF4p. In MAP kinases, this motif is the site of dual
phosphorylation of tyrosine, then threonine, by upstream
kinases [12]. The amino acids in the activation loop can*Correspondence: pete@cbs.umn.edu
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Figure 2. Characterization of Wild-Type and Mutant LF4 Genes and
Transcripts
(A) A Southern blot of genomic DNA from A54e-18 wild-type and
lf4 strains digested with SmaI. The 1.1 kb genomic probe from the
5 terminus of LF4 was used as a hybridization probe.
(B) A schematic representation of the insert in plasmid pMN100 that
rescued the lf4 phenotype. Open boxes indicate the eight exons
predicted by the GeneMark algorithm and verified by sequencing a
full-length LF4 cDNA. “KD” marks the end of the kinase domain.Figure 1. The lf4 Phenotype
“S” identifies the SmaI restriction sites. The genomic probe repre-(A) A histogram of flagellar lengths from wild-type cells (A54-e18)
senting the 5 terminus of the LF4 gene was used to identify the(black bars) and lf4-1 cells (gray bars).
positive clones in the genomic and cDNA libraries. The dashed lines(B) A histogram of flagellar lengths from lf4-1 cells (gray bars) and
indicate deleted DNA, and the triangle represents the site of DNAlf4-1 cells rescued by transformation with pMN100, a plasmid con-
insertion in mutant lf4 produced by insertional mutagenesis. Thetaining the LF4 MAP kinase gene (black bars). For each population,
scale bar equals 1 kb.the flagella of 105 cells were measured.
(C) A radiolabeled LF4 cDNA fragment identifies the presence of(C) A DIC image of a wild-type cell (flagellar length  12 m).
LF4 transcripts in total RNA (25 g/lane) from wild-type cells as well(D) A DIC image of an lf4 cell (flagellar length  24 m). The scale
as lf4-1 and lf4-3 mutant cells rescued by transformation with thebar equals 5 m.
LF4 gene (lanes R1 and R2). Total RNA from lf4-1 and lf4-3 cells
lacks the transcript.
(D) The LF4 transcript is upregulated during flagellar regeneration.be autophosphorylated in vitro as well [11]. The high
A radiolabeled LF4 cDNA probe was hybridized to an RNA blotlevel of sequence similarity among the LF4, MOK, and
containing total RNA (20 g/lane) from flagellated cells (F) and from
MAK proteins does not extend beyond the kinase do- cells 30 min after deflagellation (D).
main. LF4 contains an alanine-rich domain (amino acids
353–361) and a glycine-rich (48%) region from amino
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Figure 3. Amino Acid Sequence Alignment
The predicted LF4 protein (accession number AY231294) was aligned with mammalian MAP kinases Homo sapiens MOK (AB022694.1), Mus
musculus MOK (NM_011973.1), and H. sapiens MAK (AF505623.1) with ClustalW and Boxshade software. The black boxes indicate identical
amino acids, and the gray boxes indicate similar amino acids. The kinase subdomains are denoted by roman numerals above the lineup. The
ATP binding motif (“XXX”), the invariant lysine (“&”), and the consensus TEY phosphorylation loop (“$$$”) are noted. The LF4 antibody was
prepared in rabbits by using a chemically synthesized peptide (“******”) as immunogen.
acid 456 to 580. Neither of these sequence motifs is in a time-dependent manner. Two phosphorylated forms
of LF4p were detected in lanes containing the LF4 fusionpresent in MOK or MAK.
protein after increasing times of incubation from 1 to 90
min. This finding suggests that the singly and dually
LF4 Protein Analysis
phosphorylated forms of the enzyme were produced
An antibody was prepared against a peptide from the in vitro. After 2 hr of incubation, only the larger band
carboxyl-terminal end of the LF4 predicted protein (Fig- remained, indicating that the entire phosphorylated en-
ure 3). Immunoblot analysis with this antibody shows zyme population was dually phosphorylated. No kinase
that LF4p is present in flagella isolated from wild-type activity was detected when bacterial lysate from cells
cells (Figure 4A). This result is consistent with the ob- expressing only the GST protein was incubated in the
served increase in LF4 transcript levels after deflagella- autophosphorylation reactions (data not shown).
tion. The protein is absent from the flagella of lf4-3 cells The GST-LF4 fusion protein also phosphorylates a
and is expressed in these cells after rescue of the long- MAP kinase substrate in vitro. The purified fusion protein
flagella phenotype by transformation with pMN100 (Fig- phosphorylated Myelin Basic Protein (MBP), as deter-
ure 4A, lane R1). The molecular weight of LF4p based mined by an in vitro kinase assay (Figure 4C). Once
on its in-gel mobility was 62 kDa, close to the molecular again, phosphorylation occurred in a time-dependent
weight (63.1 kDa) predicted from the amino acid compo- manner. Kinase activity was detected after a 5-min incu-
sition of LF4p. bation, and the GST-LF4 fusion protein continued to
To test for kinase activity in LF4p, we expressed the incorporate (32P) ATP into the substrate in a linear man-
full-length cDNA as a GST fusion protein in E. coli, and ner for 90 min, as measured by densitometry (data not
we then assayed for the ability of the fusion protein to shown). The LF4 fusion protein had no detectable kinase
autophosphorylate in vitro. Although MAP kinases are activity when it was heat denatured before activity was
part of the serine/threonine kinase family, they can auto- assayed (Figure 4C, lane 1). Samples containing purified
phosphorylate tyrosines as well as threonines on the lysate from cells expressing the GST protein only failed
activation lip of the protein [11]. Autophosphorylation to phosphorylate MBP (Figure 4C, 60G). We conclude
of LF4p in the crude bacterial lysate was detected as from these assays that the LF4 gene encodes a MAP
soon as 1 min after addition of (32P) ATP (Figure 4B). kinase that can both autophosphorylate and phosphory-
late target proteins.The LF4 protein autophosphorylated at least two sites
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be enforced by the action of the LF4 MAP kinase to
induce flagellar shortening. The products of the other
LF genes may be involved in monitoring flagellar length
and signaling the need to restore preset length.
Very little is known about the regulation of doublet
microtubule assembly, in contrast to our detailed under-
standing of the assembly of singlet, cytoplasmic micro-
tubules. Although it is difficult to break down Chlamydo-
monas axonemal doublet microtubules in vitro [13], cells
can rapidly disassemble and assemble flagella. Amputa-
tion of one of the two flagella triggers flagellar disassem-
bly within minutes [14], as does mating of a long-flagella
mutant to wild-type cells [15]. These rapid responses are
characteristic of signaling pathways, because protein
synthesis is not required for the flagellar shortening.
Targets for LF4 MAP kinase activity could be compo-
nents of the intraflagellar transport (IFT) apparatus,
which has been shown to be essential for the growth and
maintenance of flagella [16]. Rapid turnover of flagellar
proteins in intact flagella has been shown by in vivo
labeling [17] and by immunofluorescence with an epi-
tope-tagged tubulin [18]. This rapid turnover suggests
that IFT components could play a role in regulating the
turnover of flagellar protein to control flagella length.
Marshall and Rosenbaum [18] proposed that length con-
trol in Chlamydomonas involved balanced assembly and
disassembly at the flagellar tips, regulated at least in
part by IFT.
The extensive sequence similarity of the LF4p MAP
kinase to a family of MAP kinases in mammalian systems
Figure 4. Characterization of the LF4 Protein suggests that the mechanism regulating flagellar length
(A) An immunoblot containing equal amounts of flagellar protein may be biochemically conserved from unicellular algae
isolated from wild-type, lf4-3 mutant, and rescued (R1) cells was
to mammals. The function of these enzymes in higherprobed with an antibody generated against a peptide (VNKY
organisms is not known, but analysis by in situ hybridiza-KANVGKTNSK) from the carboxyl terminus of LF4. A 62 kDa poly-
tion revealed that MOK is expressed in ciliated tissuespeptide was identified in wild-type and rescued cells, but not in lf4
cells. such as lung and kidney [3]. Although MAK is not re-
(B) A GST-LF4 fusion protein can autophosphorylate (top panel). quired for male fertility, MAK mutant mice have reduced
Small arrows indicate two phosphorylated LF4 proteins. These pro- sperm motility [19]. Possibly, MAK and MOK have over-
teins were confirmed to be LF4p by immunoblotting with the anti-
lapping functions, and mice with knockouts in bothbody to the C-terminal peptide (Figure 3).
genes may be deficient in spermatogenesis, either in(C) Phosphorylation of MBP by GST-LF4. LF4 fusion proteins puri-
assembly or regulating the length of sperm axonemes.fied from bacterial lysates were used in kinase assays with MBP as
substrate. In lane 1, the lysate was denatured by boiling (HD) prior The similarity of these enzymes to LF4p indicates that
to the addition of substrate. As a control, lysate from cells synthesiz- they may play a role in the assembly of flagella and/or
ing the GST protein only were incubated with MBP in kinase buffer cilia in higher organisms.
for 60 min.
Supplemental Data
The observation that LF4 is a MAP kinase suggests Supplemental Data including detailed Experimental Procedures are
that a previously unknown signal transduction pathway available at http://www.current-biology.com/content/supplemental.
is involved in controlling flagellar length. Additional pro-
teins involved in this signaling pathway are as yet un-
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Accession Numbers
The accession number for the Chlamydomonas LF4p is AY231294.
